The migration of hydrogen atoms resulting in the isomerization of hydrocarbons is an important process which can occur on ultrafast timescales. Here, we visualize the lightinduced hydrogen migration of acetylene to vinylidene in an ionic state using two synchronized 4 fs intense laser pulses. The first pulse induces hydrogen migration, and the second is used for monitoring transient structural changes via Coulomb explosion imaging. Varying the time delay between the pulses reveals the migration dynamics with a time constant of 54 AE 4 fs as observed in the H + + H + + CC + channel. Due to the high temporal resolution, vibrational wave-packet motions along the CC-and CHbonds are observed. Even though a maximum in isomerization yield for kinetic energy releases above 16 eV is measured, we find no indication for a backwards isomerization in contrast to previous measurements. Here, we propose an alternative explanation for the maximum in isomerization yield, namely the surpassing of the transition state to the vinylidene configuration within the excited dication state.
Introduction
The photo-excitation of hydrocarbons and the reactions of their nuclei have been studied extensively in order to reveal the underlying physical processes, such as vibrations, 1,2 rotations, 3 bond rearrangements 4 and molecular fragmentation. 5 Each process has a corresponding natural timescale, with the fastest nuclear motions occurring in less than 10 fs, and therefore ultrafast laser pulses are ideally suited for their study. Furthermore, bond rearrangement and molecular fragmentation of hydrocarbons can be inuenced by tuning the laser parameters. For example, Xie et al. showed that they can control the fragmentation pathways in ethylene by varying the laser pulse duration, 6 and Alnaser et al. showed that they could steer the directional emission of the deprotonation from acetylene with the carrier-envelope phase (CEP) of few-cycle laser pulses. 7 The second example was interpreted with a vibrational state coupling model. Recently, CEPcontrol has been extended to the isomerization of acetylene and allene, demonstrating the general importance of the vibrational state coupling mechanism. 8 In fact, the process of hydrogen migration in acetylene has been the subject of numerous past studies, both theoretically 9 and experimentally. 2, 10, 11 More recent experiments have taken advantage of the Coulomb explosion imaging technique using a reaction microscope (REMI) in order to visualize the temporal evolution of the isomerization process in "real time". 12 Specically, the isomerization of acetylene into vinylidene has been visualized for the dissociation channel: C 2 H 2 3+ / H + + C + + CH + . [12] [13] [14] [15] The isomerization time was consistently found to be around 50 fs, independent from the chosen excitation wavelength and intensity, as well as independent of whether the dynamics occurred on the cation or dication intermediate states.
Here, we show how to exploit the additional channel C 2 H 2 3+ / H + + H + + CC + to obtain a more complete understanding of the proton migration as suggested in ref. 16 . We use ultrashort laser pulses as pump and probe pulses to visualize the migration process. Aer a short introduction into our experimental and theoretical methods we present our results on the triple coincidence channels, focusing on the comparison between the channels H + + C + + CH + and H + + H + + CC + . Additionally, we determine the isomerization time for the latter channel, and by means of Newton diagrams we present snapshots of the hydrogen migration for various time delays between the pump and probe pulses.
2 Experimental and theoretical methods
Experimental methods
In order to investigate the hydrogen migration from acetylene to vinylidene, the experimental setup depicted in Fig. 1 was used. The titanium:sapphire system ("FEMTOPOWER™ HR 10 kHz CEP4", Spectra-Physics) produces laser pulses at a 10 kHz repetition rate with a pulse duration of 22 fs, a pulse energy of 800 mJ and a central wavelength of 790 nm. The pulses are spectrally broadened by a 1 m long hollow-core-ber with a 275 mm inner core diameter, lled with 500 mbar of argon with the nal spectrum covering a range from 400 nm to 1000 nm with a new central wavelength of 690 nm. Temporal compression is attained in a doubleangle chirped mirror compressor, 17 while the ne tuning to 4 fs full-width halfmaximum (FWHM) is done with fused silica wedges. A variable neutral density lter allows us to change the intensity without changing the beam diameter or the dispersion and thus preserves the pulse parameters. The pulse duration is determined by transient-grating frequency-resolved optical gating (TG-FROG). 18 The carrier-envelope-phase (CEP) is recorded by an f-2f interferometer throughout the measurement. 19 The laser is split into two identical pump-and probe-pulses by a 50 : 50 Mach-Zehnder interferometer prior to the entrance window of a REMI (base pressure: 4 Â 10 À10 mbar). The pulses are back-focused using a 12.5 cm focal length mirror onto a cold acetylene jet. The thickness of the jet can be varied using automated skimmers to maintain a constant overall count rate. Each pulse has an intensity around 5 Â 10 14 W cm À2 . The time delay between the pulses is continuously swept from À267 fs to 267 fs in steps of 33 as. One period takes around 5 minutes, while the phase of both pulses changes by 2p within 7 s. This difference in timing ensures that no articial CEP dependencies on the delay measurement are introduced, which is further veried by a at CEP distribution for the complete delay range. The data acquisition for the results shown here was carried out over three days and consists of four individual measurements, in between which the pulse duration and spatial overlap were veried to ensure similar parameters throughout the entire duration of the experiment.
In Table 1 , the accumulated amount of events is shown for each run and each coincidence channel. The statistics indicate that the H + + C + + CH + channel has around 80% more counts than the H + + H + + CC + channel. The total statistics are about 5 times higher than previously reported, 14 attributed to the high repetition rate laser and the long-term stability of the overall system. Such high statistics, combined with the high temporal resolution, allows us to investigate the vibrational motion within the intermediate state in addition to the isomerization process.
To combine the CEP-dependent data from each measurement, the relative phase for each scan is shied to match an independent reference data set. This reference is given by the strongest phase dependent signal, the double ionization asymmetry of acetylene, at a specic time delay (100 AE 10 fs)far from the temporal overlap to avoid interference effects. The asymmetry is calculated by
where N le and N right are the photo-ion yields to the le and right directions, respectively, along the polarization axis in the time-of-ight (TOF) spectrum. For further information see ref. 20 . Furthermore, we checked that the measured data are independent of the sign of the delay. With this condition fullled, the data from negative and positive delays are combined to achieve better statistics. Various dissociation channels from strong eld pump-probe measurements can be identied in the coincidence spectra. Of these, the channels involving a clear isomerization component are:
Channel (i) permits us to measure the fragmentation yield of vinylidene and therefore to determine the average isomerization time to 52 AE 15 fs, as investigated by Jiang et al. 21 Channels (ii) and (iii) are relatively weak, most likely because they require both hydrogen migration and bond formation between the hydrogens. Despite being interesting channels, the low statistics prevented us from being able to determine much about them and therefore, they are le out of the main discussion here. Channels (iv) and (v) have excellent statistics, and while channel (iv) has been extensively studied (see ref. [12] [13] [14] [15] , the investigation of channel (v) has been proposed 16 but reports have been lacking so far. Here, we compare both channels and highlight the advantages of channel H + + H + + CC + . For channel (vi), preliminary analysis also shows signs of isomerization. However, due to the additional complexity of the quadruply charged parent ion, and the data analysis of the four-body coincidence, it will not be discussed in detail here. Instead, our main focus is on channels (iv) and (v). These two channels enable us to compare our measurements with previous experiments on the H + + C + + CH + channel and gain further information by analyzing the H + + H + + CC + channel. However, we would also like to point out that a considerable advantage of channel (v) lies in the large difference in mass of the C 2 + and H + fragments, avoiding any overlap of their TOF's. This is especially important in contrast to the H + + C + + CH + channel, where the C + and CH + fragment have overlapping TOF's, which make the molecular reconstruction more difficult. This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.
Theoretical methods
We used a Complete Active Space Self-Consistent Field model (CASSCF) to calculate the potential energy surfaces for the ground states of the neutral, cation, dication, and trication states, as well as for different excited states. The active space provided for the electron correlation was adapted to the number of the valence electrons and consists of the same 10 molecular orbitals and all electrons except the 1s-core electrons of the carbon atoms. The calculations were performed using the program package MOLPRO with a 6-311++G** basis set. 22 Using this model we utilize the precise description of excited states to calculate the molecular congurations. These results enable us to understand the pathway of the migrating hydrogen atom within the dication state.
Results and discussion
In Fig a ne-structured oscillation. Secondly, we observe a periodical oscillation of the maximum position of the KER distribution around 17 eV which becomes observable only by using ultrashort pulses. 26, 27 Applying a Fourier analysis to the oscillations of the highest KER values, as well as to the oscillations of the total yield dependent of the pulse delay, reveals three major contributions: 11.5 fs AE 1.7 fs, 20.4 fs AE 1.5 fs, and 33.4 fs AE 1.2 fs. To attribute these experimentally determined periods to the corresponding wave-packet motion we calculated the periods of various modes within the neutral, cation, and dication, presented in Table 2 .
Comparing our experimental results to the calculated modes in Table 2 we identify the 11.5 fs AE 1.7 fs oscillation with a CH-bond stretching mode and the 20.4 fs AE 1.5 fs vibration with a CC-bond stretching mode within the dication. Thus we can directly observe the CH-and CC-vibrations in acetylene via strong-eld pump-probe measurements of the fragment ions. The slowest experimentally observed oscillation of 33.4 fs AE 1.2 fs is not identied by our theoretical calculations as the various bending modes are slower than 40 fs, while the stretching modes are too fast to explain our results. Even though we cannot link the observed oscillation to one distinct mode, it is likely that we observe a combination of the stretching modes resulting in slower oscillations. To investigate the populated state further, we present in Fig. 3 the different potential energy curves of acetylene.
Selected potential energy curves along the CH-bond internuclear distance are depicted in Fig. 3 along with a sketch of the various congurations of acetylene in the intermediate state. First, the pump pulse is ionizing the molecule, bringing it into an intermediate state, either the cation or dication state, where hydrogen migration can take place. The probe pulse ionizes the molecule further until it dissociates from a triply or even higher charged state. Depending on the excitation wavelength and intensity, different populated intermediate states have been reported so far. While using XUV or UV light for excitation results in a populated cation state, 14, 15, 28 IR strong eld excitation populates the dication state. 12, 13 In our experimental setup, a dication state is the most probable to be populated, as we use identical pump and probe pulses (see Fig. 3 ). Reachable are the ground state X 3 S g À and excited states X 1 D g , and A 3 P u . The latter is purely repulsive along the C-H bond.
Pumping the molecule into an excited dication state can trigger several motions such as vibration, dissociation, rotation and isomerization, as depicted schematically in Fig. 3(b) . Experimentally, we observe the 3D momenta of each ionic fragment, enabling us to reconstruct the molecular arrangement at the time of Coulomb explosion. Together with the KER, this information allows us to disentangle the various molecular motions.
To describe isomerization, it is useful to dene the angles a and q of the migrating hydrogen (see Fig. 3(b) ). In order to compare our results to previous measurements, a is dened as in ref. 12 and 13 and describes the angle between the proton and the carbon ion with respect to the center of gravity of the molecule (see Fig. 3(b) ). The angle q corresponds to the angle in between both protons seen from the C 2 + ion. Using the C 2 + ion as a center enables us to directly compare our results with theoretical calculations performed on the dication of acetylene. Both angles are calculated via: a, q ¼ cos À1 p 1 $p 2 p 1 p 2 ! ; wherep 1 andp 2 are the momenta of the hydrogen and carbon ions for channel (iv) and of both protons for channel (v). By this denition of angles, we assign a at around 0 and q at 180 to the acetylene conguration and a above 90 and q below 90 to vinylidene. In the following part we will extend our analysis to the reconstruction of the molecular congurationthe angles a and q provide us with the information about the angular position of the migrating proton.
In Fig. 4 , the fragmentation yield as a function of the angles a and q and the pulse delay is shown for both coincidence channels with two different energy lters. The energy lter separates the time independent KER region (above 13 eV) from the dissociating contributions at lower KER values (see Fig. 2 ). For the high KER region in both channels, the angles stay relatively constant with broad angular distributions around 20 and 140 , respectively, indicating that the molecules tend to stay in the acetylene conguration. These results t very well to the calculated conguration of excited acetylene molecules within the dication, where the hydrogen atoms are bent with respect to the CC axis. Likely, the excitation energy is thereby stored in a wave-packet motion in the acetylene conguration, which results in a widespread momenta distribution around the acetylene conguration, visible here by the broad angular distribution. For the low KER contributions plotted in Fig. 4(c) and (d), a clear time dependence is observed showing the movement to smaller angles. This indicates the isomerization to the vinylidene conguration. In contrast to the H + + C + + CH + channel, the majority of the molecules change their molecular conguration in the H + + H + + CC + channel (see Fig. 4(d) ). Aer approximately 100 fs, more than 60% of all molecules in the H + + C + + CH + channel have reached the vinylidene conguration. We note that in contrast to ref. 12 , the migration back to the acetylene conguration is not observed, but rather, the molecules tend to favor the vinylidene conguration for the remaining duration of the scanned time delay. We note that this discrepancy could, at least in part, be due to the fact that Hishikawa et al. used a background subtraction, which accounted for three-fold coincidences from only one pulse. 12 For the coincidence channel H + + C + + CH + , it is visible that we have a considerable amount of molecules in the vinylidene conguration at small time delays. This contribution results from the overlap in the TOF spectrum for the slow C + fragments and the fast CH + fragments. Inevitably, the identication of the two fragments in the data analysis is convoluted, potentially leading to a wrong assessment of the molecular conguration. For the H + + H + + CC + channel, the TOF's of each fragment are clearly separated, and the assessment of the molecular conguration is thus much more reliable.
Using the angular information as a lter, the molecules which ultimately dissociated from the vinylidene conguration are separated from those dissociated from the acetylene conguration. For channel H + + C + + CH + , all angles a above 90 (see Fig. 3(b) ) are referred to as vinylidene while all angles below 90 are attributed to the acetylene conguration. For channel H + + H + + CC + , the vinylidene conguration is reached for all angles q below 90 (see Fig. 3(b) ) and all angles above 90 correspond to the acetylene conguration. The resulting KER distribution is plotted versus the pulse delay in Fig. 5 .
In Fig. 5 , the yield is plotted as a function of the KER and time delay for molecules in the vinylidene conguration. Compared to Fig. 2 , the contribution at 16-17 eV is considerably weaker, while the delay dependent contribution below 16 eV becomes clearly visible. For the investigated pump-probe delays, this indicates that the isomerized molecules in the dication dissociate too fast to allow for a back migration of the proton into an acetylene-like conguration.
Taking a closer look at Fig. 5(a) , one can see that the KER extends to higher values at delays between 0 fs and 100 fs, marked by an arrow in the plot. This increase in KER values in channel H + + C + + CH + , as well as the delay dependence in both KER plots in Fig. 5 , can be well explained within the A 3 P u excited dication state, where an isomerization can take place as shown by theoretical calculations, see Fig. 6 . 29 According to our calculations in full dimension, acetylene in the A 3 P u state relaxes into the two local minima t1 0 and t1 00 with bent congurations having angles around 140 between the CH-and CC-bonds. From these local minima, the energetically higher lying transition states t-TS1 0 and t-TS1 00 have to be overcome. The transition states are close in energy, the angle between both protons is around 90 , and the CH-bond of the migrating proton is elongated while the CCbond is slightly shortened. In a last step, the molecule nishes its migration into vinylidene from where it can dissociate in either of two channels: [C 2 H 2 2+ ]* / C 2 + + H 2 + or / C + + CH 2 + . The probe pulse in our experiment is used to further ionize and dissociate the H 2 + or CH 2 + , respectively. These dissociations are very well observed within both cases, visible in the time dependent low KER regions, whereas the intermediate transition states t-TS1 0 and t-TS1 00 are observed in the following two ways. Within the H + + H + + CC + channel, the stretched CH-bond of the migrating proton is probed, resulting in the rapidly decreasing KER within the rst 100 fs. In the H + + C + + CH + channel, the CC-bond can be probed resulting in a higher KER, seen at around 40 fs (see arrow in Fig. 5 ). This effect cannot be observed as easily as the CH-bond stretching because within this channel both effects occur simultaneously, washing out the signal as one contribution delivers higher KER (short CC-bonds) while the other yields lower KERs (long CH-bonds).
Since we can follow the isomerization dynamics in our pump-probe experimental scheme, we can also extract the isomerization time by measuring the isomer yield as a function of pulse delay. The isomer yield is calculated as the ratio of vinylidene molecules (a > 90 , q < 90 ) to all triple coincidences for each channel. In Fig. 7 , the isomerization yield dependence on the pulse delay is shown for both investigated channels.
We investigated two different scenarios in Fig. 7 . In the rst scenario, we consider all isomerization counts appearing in Fig. 5 and in the second, we only consider the number of isomerization events that occurred with a KER above 16 eV, indicated by the dashed line in Fig. 5 . For the rst scenario, we see an increase of the isomer yield with pulse delay. In the H + + H + + CC + channel an asymptotic behavior is observed for long delays indicating that the nal isomerization yield is around 30%. Note that these 30% result from the investigation of all measured data without applying any lter. Fitting this data with an exponential function allows us to determine the isomerization time to be 54 AE 4 fs, which is consistent with previously reported isomerization times from both measurements and calculations. 14, 21, 30, 31 The H + + C + + CH + channel, in contrast, shows more of a linear trend for the pulse delays considered, which makes a determination of the isomerization time difficult. Aer 250 fs, the isomerization yield is at 25%, which is considerably lower than for H + + H + + CC + . As the dynamics within the H + + C + + CH + channel seems to occur on longer timescales, it is expected that the isomerization yield would also saturate for longer pulse delays, from which we can only speculate that the isomerization time for this channel is longer than for the H + + H + + CC + channel.
For the second scenario, applying a high energy lter (KER > 16 eV), we reproduce previous measurements in the H + + C + + CH + channel showing a peak at 40 fs, which was interpreted as an isomerization maximum, where aerwards the proton may migrate back into the acetylene conguration. 14 However, as we do not observe a similar behavior in the second coincidence channel, we propose an alternative explanation for the peak around 40 fs. In the intermediate state t-TS1 00 (see Fig. 6 ), the CC-bond has a reduced equilibrium bond length, which may result in high KER values when dissociation is induced. For higher time delays the bond length increases again and the molecule stays within the vinylidene conguration without backwards migration. In other words, the peak of isomerization yield for the applied high KER lter is not due to a maximal isomerization yield, but rather to a CC vibrational motion. One would maybe think that a similar feature should appear in the H + + H + + CC + channel, but this channel is less sensitive to the CC-bond length, as this bond remains intact. Indeed, for the channel H + + H + + CC + , the isomerization yield uctuates always around 10% without any other clear trend (see Fig. 7(b) ).
Furthermore, we observe in Fig. 7 that the isomer yield at zero delay is always above 5%independent of the investigated channel. This is likely due to a population of the trication where the isomerization takes place followed by Coulomb explosion. The direct population becomes possible by the high Fig. 7 Isomerization yield of (a) H + + C + + CH + and (b) H + + H + + CC + as a function of the pulse delay. The overall vinylidene yield divided by the total yield is shown in red, while an additional high-energy filter (>16 eV) is applied to obtain the cyan colored data (error bars denote statistical errors). The solid red line indicates an exponential fit of the experimental data. Note that the isomer yield at zero pulse delay in (a) is overestimated due to the artifact discussed above.
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Faraday Discussions intensities in the temporal overlap of both pulses. For higher pulse delays a direct ionization into the trication becomes unlikely as the intensity of one pulse alone is too low. The even higher isomer yields for Fig. 7 (a) result from the artifact discussed above (see Fig. 4 ). Finally, to visualize the hydrogen migration process, we plot a series of Newton diagrams for the H + + H + + CC + channel in Fig. 8 . Filtering only the events of one dissociating contribution (with a KER between 8 eV and 13 eV) highlights the isomerization process. Here, the Newton diagrams depict the 3D momenta in the following way: rst, the momentum of the CC + ion is subtracted from the proton momenta in order to use the heaviest fragment as the center. Secondly, the momentum of the rst proton is used as a reference to turn the coordinate system such that the CC + À H 1 + axis is xed along the positive horizontal axis. Finally, the momentum components of the second hydrogen along this CC + À H 1 + axis (p k ) and the momentum perpendicular (p t ) are plotted for different time delays. It is well visible that the isomerization takes place in the rst 100 fs until the majority of molecules are in the vinylidene conguration. For longer pulse delays, a maximal isomerization is reached and the momentum distribution stays mostly unchanged showing no sign of a backwards isomerization. As mentioned in the Experimental methods section, the CEP was also recorded such that CEP effects can be investigated. We have not observed clear CEPdependent signatures in the pump-probe data, but it should be mentioned that the CEP effects in single pulse data were relatively small (asymmetries of around 7% have been detected). 8 With the data at hand we cannot rule out that timedependent CEP-effects may be present, but if so, they are very small.
Conclusion
In summary, we have presented the molecular response in acetylene at various times aer excitation by a near single-cycle pulse using the Coulomb explosion imaging technique. Investigating both major triple coincidence channels, we have observed the evolution of the hydrogen migration process for the isomerization to the vinylidene conguration. However, under our experimental conditions, no backwards isomerization to acetylene was observed. Despite this discrepancy, the isomerization time of the acetylene ion of 54 AE 4 fs, which we have clearly determined via the H + + H + + CC + channel, is in excellent agreement with previous experimental studies 21, 30, 31 and theoretical predictions. 29 The maximum in isomerization yield is explained within the structural evolution of the excited dication, namely the surpassing of the energetically higher lying transition states t-TS1 0 and t-TS1 00 to the vinylidene conguration. The unprecedented temporal resolution in our experiment allowed us to identify vibrational wave-packet motions along the CH-and CC-bonds with periods of 11.5 fs AE 1.7 fs and 20.4 fs AE 1.5 fs, respectively.
